Although the role of nucleus accumbens (NAcc) dopamine (DA) in reward learning has been extensively studied, few investigations have addressed its involvement in learning socially relevant information. Here, we have examined the involvement of NAcc DA in social attachment of the "monogamous" prairie vole (Microtus orchrogaster). We first demonstrated that DA is necessary for the formation of social attachment in male prairie voles, because administration of haloperidol blocked, whereas apomorphine induced, partnerpreference formation. We then provided the first descriptions of DA neuroanatomy and tissue content in vole NAcc, and mating appeared to induce a 33% increase in DA turnover. We also showed that administration of haloperidol directly into the NAcc blocked partner preferences induced by mating and apomorphine. In addition, administration of apomorphine into the NAcc but not the caudate putamen induced partner preferences in the absence of mating. Together, our data support the hypothesis that NAcc DA is critical for pair-bond formation in male prairie voles.
Introduction
Perhaps the most important form of associative learning to humans is the formation of social attachments. Although considerable work has been done on dopamine (DA) involvement in associative learning, few studies have examined the formation of socially relevant associations. This is a concern because DA systems have been implicated in disorders associated with the inability to form social attachments (Mikkelsen et al., 1981; Schneier et al., 2000; Volkmar, 2001 ). In addition, previous work on associative learning has primarily used traditional laboratory rats that do not form strong social bonds, making it difficult to establish an animal model for disorders associated with social behavior. Recently, however, significant progress toward understanding the neurobiology of social attachment has been made using the "monogamous" prairie vole (Microtus ochrogaster) (Young et al., 1998; Insel and Young, 2001) .
Prairie voles display a suite of behaviors characteristic of monogamy: preferential mating with one partner, remaining together during gestation, and biparental care throughout lactation (McGuire and Novak, 1984; Oliveras and Novak, 1986; Dewsbury, 1987; Carter and Getz, 1993; Getz and Carter, 1996) . Most importantly, prairie voles form long-term pair bonds (Getz and Hofmann, 1986 ) that can be studied in the laboratory using a partner-preference test (Williams et al., 1992; Winslow et al., 1993; . Prairie voles that mate repeatedly over 24 hr exhibit a strong preference for their partner versus a conspecific stranger, whereas those paired for 6 hr without mating do not. This behavioral paradigm has been used to examine neuronal and hormonal mechanisms underlying social attachment. Vasopressin (Winslow et al., 1993; Cho et al., 1999; Liu et al., 2001) , oxytocin (Williams et al., 1994; Insel and Hulihan, 1995) , and glucocorticoids (DeVries et al., 1995 (DeVries et al., , 1996 have been implicated in the regulation of partner preferences. Importantly, these studies have demonstrated that sex-specific mechanisms may underlie social attachment in voles.
Mating-induced partner preferences likely involve reinforcing properties associated with mating along with approach behavior oriented toward the partner. Therefore, partner-preference formation can be viewed as a natural example of reward learning, a process that has significant DA involvement (Robbins and Everitt, 1996; Wise, 1996; Berridge and Robinson, 1998; Di Chiara, 1999; Ikemoto and Panksepp, 1999) . Recently, DA has been shown to be involved in partner-preference formation in female prairie voles (Wang et al., 1999; Gingrich et al., 2000) ; however, nothing is known about the role of DA in males that also display mating-induced partner preferences. Given the tendency for prairie voles to show sexual dimorphism, it is of interest to examine the role of DA in pair bonding in males. We therefore conducted a series of experiments to assess the relationship between DA and partner-preference formation in male prairie voles. We also provide the first description of DA neuroanatomy and content in the prairie vole nucleus accumbens (NAcc) and assess how mating may alter DA turnover. Finally, we examined the role of NAcc DA in partner preferences by testing the effects of sitespecific administration of DA drugs in the NAcc on partnerpreference formation.
Materials and Methods
Subjects. Subjects were sexually naive male prairie voles from a laboratory breeding colony. At ϳ21 d of age, subjects were weaned and housed in same-sex sibling pairs in plastic cages (20 ϫ 50 ϫ 40 cm). Water and food were provided ad libitum, a 14/10 hr light/dark cycle was maintained, and the temperature was ϳ20°C. All subjects were between 80 -120 d of age when tested and weighed between 40 -50 gm. Ovariectomized (OVX) females served as stimulus animals. For manipulations that required mating (24 hr pairings), females were estrogen primed with subcutaneous estrodial benzoate (EB) pellets implanted 4 d before pairing (Smith et al., 2001) . Partner and stranger females received EB pellets on the same day. All behavioral interactions during 24 hr of pairing were videotaped for detailed behavioral analysis.
Partner preference test. The testing apparatus consisted of a central cage (20 ϫ 25 ϫ 45 cm) joined by hollow tubes (7.5 ϫ 16 cm) with two parallel identical cages, each housing a stimulus animal . The subjects were free to move throughout the apparatus, whereas stimulus animals were loosely tethered within their separate cages and had no direct contact with each other. The familiar partner (housed with the subject before the partner-preference test) and an unfamiliar conspecific stranger (a female that had not previously encountered the subject) were used as stimulus animals. Behavior was recorded during the 3 hr test using a time-lapse video recording system (12:1 compression, Panasonic recorder; Panasonic, Secaucus, NJ). Motion sensors automatically recorded the time subjects spent in each cage as well as the number of cage entries, and these data were immediately transferred to a computer for statistical analysis. Experimenters who were blind to the manipulation reviewed videotaped behaviors and recorded side-by-side contact within each treatment. Differences were analyzed with a paired samples t test. A partner preference was defined as significantly greater mean contact time with the partner compared with the stranger. Because the effect of DAergic drugs on partner-preference formation could be secondary to their effects on locomotor activity, we also examined the frequency of total cage entries during the partnerpreference test using a one-way ANOVA. For subjects that had received cannulation surgery, the number of cage crossings during the cohabitation period was recorded and compared between treatment groups with a one-way ANOVA. Because partner preferences are induced by mating during the initial 24 hr cohabitation, the number of mating bouts that occurred during the first 6 hr was recorded and compared between treatment groups with a one-way ANOVA to assess whether DAergic drugs effected mating behavior.
Perfusion and immunocytochemistry. Animals were anesthetized with sodium pentobarbital (1 mg per 10 gm body weight) and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 M PBS, pH 7.6, at 4°C. Brains were postfixed for 30 min in the same fixative and then immersed in 30% sucrose in PBS. For immunocytochemistry, a set of 30 m coronal sections that spanned the NAcc at 90 m intervals was rinsed in 0.1 M PBS, pH 7.4, treated with 0.3% hydrogen peroxide in PBS, incubated in a blocking solution [PBS with 0.3% Triton X-100 (PBT), 10% normal goat serum (NGS), and 2% bovine albumin (BSA)] for 1 hr, and then incubated in 1:30,000 rabbit anti-dopamine transporter (anti-DAT) polyclonal antibody (a gift from Dr. Michael Kuhar, Emory University, Atlanta, GA) in PBT with 2% NGS and 2% BSA at 4°C for 48 hr. After incubation with 1:300 biotinylated goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA) in PBT with 2% NGS and 2% BSA at room temperature for 2 hr, sections were rinsed, incubated with ABC complex (Vector Laboratories) for 1.5 hr, and then stained using 3-3Ј-diaminobenzidine (DAB kit; Vector Laboratories). A similar staining method was used on an alternate set of brain sections for tyrosine hydroxylase (TH) immunocytochemistry with rabbit antityrosine hydroxylase polyclonal antibody as a primary antibody (1:8000; Chemicon, Temecula, CA).
Tissue microdissection. Subjects were killed via rapid decapitation, and brains were immediately extracted and frozen. Coronal sections (300 m) were cut on a cryostat and frost mounted onto microscope slides. Bilateral tissue punches with a 1 mm diameter were taken from the NAcc, caudate putamen (CP), and paraventricular nucleus of the hypothalamus (PVN) (areas that showed high-density TH staining) and stored at Ϫ80°C until analyzed. Neurochemical extraction was performed as described previously (Aragona et al., 2002) , except that tissue samples were sonicated (model 60; Fisher Scientific, Houston, TX) in 75 l of 0.1 M perchloric acid (PCA) (Fisher Scientific) with 0.02% EDTA (Fisher Scientific). Samples were assayed for DA, the DA metabolites dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), norepinephrine (NE), serotonin (5-HT), and the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA). Means for each neurochemical as well as the DOPAC to DA ratio (index of DA turnover) between treatment groups were compared using a one-way ANOVA.
HPLC with electrochemical detection. Peak separation was achieved using a microdialysis MD-150 analytical column (ESA, Chelmsford, MA). The mobile phase consisted of 75 mM sodium dihydrogen phosphate monohydrate (Electron Microscopy Sciences, Fort Washington, PA), 1.7 mM 1-octanesulfonic acid sodium salt, 0.01% triethylamine (Aldrich, Milwaukee, WI), 25 M EDTA (Fisher Scientific), and 10% acetonitrile ( Electron Microscopy Sciences), and the pH was adjusted to 3.85 with 85% phosphoric acid (Fisher Scientific). Samples were first oxidized at 250 mV and then reduced at Ϫ250 mV. The flow rate was 0.7 ml/min. Standards were diluted in 0.1 M PCA (0.02% EDTA) and used to construct a standard curve. The peak area was calculated using Millennium software (Waters Associates, Milford, MA), and standard curves were then used to convert peak area units into the total amount. The limit of detection was ϳ5 pg per sample.
Stereotaxic cannulation and injection. Subjects were anesthetized with sodium pentobarbital (2.5 mg per 40 gm body weight), and 26 gauge bilateral guide cannulas (Plastics One, Roanoke, VA) aimed at the NAcc were implanted stereotaxically (nose bar, Ϫ2.5 mm; 1.7 mm rostral, Ϯ1 mm bilateral, 4.5 mm ventral to bregma). Control injections were aimed at the CP (nose bar, Ϫ2.5 mm; 1.7 mm rostral, Ϯ1 mm bilateral, 2.5 mm ventral to bregma). After 3-5 d of recovery, subjects received microinjections (200 nl per side) of either CSF or CSF containing haloperidol (Halo) or apomorphine (Apo) (Research Biochemicals, Natick, MA). The procedure for dissolving haloperidol and apomorphine was performed in the same manner as in a previous study (Wang et al., 1999) . Drugs were always mixed fresh before administration. Because neither compound is easily dissolved in physiological saline (or CSF) and may have been suspended in the vehicle, the drug vial was shaken well before administration. Injections were made with a 33 gauge needle that extended 1 mm below the guide cannula into the target area. The needle was connected to a Hamilton syringe (Hamilton, Reno, NV) through polyethylene-20 tubing. Plunger depression was performed slowly, requiring 10 -15 sec per injection. After behavioral testing, subjects were killed, and an observer who was blind to experimental conditions verified injection sites histologically. Subjects with misplaced cannulas were excluded from data analysis.
Results

Experiment 1a: does peripheral administration of the dopamine antagonist haloperidol block mating-induced partner preferences?
Sexually naive males were randomly assigned into one of three groups that received intraperitoneal injections of either 200 l of saline (n ϭ 8) or saline containing 0.4 g (n ϭ 10) or 4 g (n ϭ 8) of the nonselective DA antagonist haloperidol. Subjects were then immediately paired with EB-primed OVX females and allowed to mate ad libitum for 24 hr. Behavior was videotaped, and the effect of haloperidol on mating was assessed. Males that did not mate within the first 6 hr were excluded from the experiment. After 24 hr of mating, subjects were tested for partner preferences.
As expected, saline-injected control subjects formed partner preferences with their respective mates after 24 hr of mating ( p ϭ 0.05) (Fig. 1 A) . However, both doses of haloperidol blocked mating-induced partner preferences (0.4 g, p ϭ 0.33; 4.0 g, p ϭ 0.78) (Fig. 1 A) . Although haloperidol blocked partner preferences, it did not affect the number of mating bouts during the initial cohabitation period (control, 6.9 Ϯ 1.5; 0.4 g of Halo, 7.2 Ϯ 3.0; 4 g of Halo, 6.4 Ϯ 2.7) or locomotor activity measured by cage entries during the partner-preference test (control, 105.7 Ϯ 17.5; 0.4 g of Halo, 67.5 Ϯ 14.1; 4 g of Halo, 97.64 Ϯ 10.4). Therefore, haloperidol blockade of DA receptors prevented the formation of a partner preference without disruption of mating.
Experiment 1b: does peripheral administration of the dopamine agonist apomorphine induce partner preferences in the absence of mating? Sexually naive males were divided into four groups that received intraperitoneal injections of either 200 l of saline (n ϭ 8) or saline containing 0.5 g (n ϭ 9), 5 g (n ϭ 10), or 50 g (n ϭ 8) of apomorphine. Immediately after injection, subjects were paired with OVX females that were not treated with estradiol for 6 hr of cohabitation in the absence of mating. Thereafter, subjects were tested for partner preferences. All behavior was videotaped and reviewed, and the absence of mating was confirmed.
Subjects that received saline injections before 6 hr of cohabitation showed nonselective side-by-side contact during the partner-preference test ( p ϭ 0.96) (Fig. 1 B) . However, those that received low-dose intraperitoneal administration of apomorphine (0.5 g) showed partner preferences ( p Ͻ 0.05) (Fig. 1 B) . Subjects given higher doses of apomorphine (5 and 50 g) did not show partner-preference formation ( p ϭ 0.35 and 0.39, respectively). Locomotor activity during the partner-preference test was not different between the four groups (control, 82.1 Ϯ 11.5; 0.5 g of Apo, 101.8 Ϯ 39.4; 5 g of Apo, 118.2 Ϯ 20.6; 50 g of Apo, 117.8 Ϯ 31.5.)
Experiment 2: what is the dopamine innervation in nucleus accumbens of male prairie voles? Experiment 1 showed that DA is involved in partner-preference formation in male prairie voles. Previous experiments with females have also shown that DA, and specifically NAcc DA, is important for partner-preference formation (Gingrich et al., 2000) . However, DA neuroanatomy of the prairie vole NAcc has never been described. In this experiment, sexually naive adult male prairie voles were prepared for immunocytochemistry. DA innervation of the NAcc was observed by immunocytochemically labeling for tyrosine hydroxylase (the rate-limiting enzyme for the production of DA) and for DAT. Figure 2 shows matched sections of TH and DAT labeling in the NAcc and several other brain areas of male prairie voles. Light microscopic analysis revealed similar patterns of staining for both TH and DAT in the NAcc, CP, and olfactory tubercle (OT). The massive TH and DAT staining in these areas indicates dense DAterminal innervation. For TH, staining appears extremely dense in the NAcc, CP, and OT. DAT is most densely stained in the CP and OT, with lighter staining in the medial portion of the NAcc, especially in the more caudal sections. Inspection of subcommissural regions of the ventral forebrain reveals that the ventral pallidum (VP) has only moderate labeling (Fig. 2C,D) ; however, fibers are clearly visible at higher magnification.
Experiment 3: does mating increase dopamine turnover in nucleus accumbens of male prairie voles? Sexually naive males were paired either with a male sibling (control, n ϭ 8), an EB-primed OVX female with which the subject chose not to mate (nonmated, n ϭ 8), or an EB-primed OVX female with which the subject mated (mated, n ϭ 12). Subjects in the mated group were killed 30 min after mating onset and averaged 40 min total time together. Therefore, control and nonmated groups were paired for 40 min and then killed. Bilateral tissue punches were taken from the NAcc, CP, and PVN (Fig. 3A) , and tissue samples were assayed for several neurochemicals.
In the NAcc, mated males had 33% higher mean values of DA turnover compared with control and nonmated subjects, but this increase was not statistically significant ( p ϭ 0.17) (Fig. 3B) . A similar trend was also found in the CP but not in the PVN (Fig.  3B) . Figure 3C shows that under baseline conditions, DA turnover in the NAcc was approximately two times greater than in the CP, whereas the CP had approximately three times the amount of DA compared with the NAcc. The PVN contained much less DA compared with the NAcc and CP. The PVN was primarily noradrenergic and also had approximately two times the 5-HT com- Figure 1 . Peripheral administration of dopamine drugs influenced partner preferences in male prairie voles. A, Males injected intraperitoneally with saline and mated with a partner for 24 hr had more side-by-side contact with the partner versus a conspecific stranger. This partner preference was not seen in males receiving saline injections containing the dopamine antagonist Halo. B, Males injected with saline and paired with a partner for 6 hr in the absence of mating showed nonselective side-by-side contact during the partner-preference test. However, males receiving the low (0.5 g) but not the high (5 and 50 g) dose of the dopamine agonist Apo had more contact with the partner versus a stranger. *p Ͻ 0.05; paired samples t test. Error bars indicate SEM.
pared with the NAcc and CP. Mating and social experience had no significant effects on any of the other neurochemicals measured.
Experiment 4a: does site-specific administration of the dopamine antagonist haloperidol into nucleus accumbens block mating-induced partner preferences? Sexually naive males were implanted with guide cannulas bilaterally aimed at the NAcc. After 3-5 d of recovery, subjects were divided into one of two groups that received microinjections of 200 nl of CSF alone per side (n ϭ 5) or CSF with 4 ng of haloperidol (n ϭ 7). Subjects were then paired with an EB-primed OVX female for 24 hr of mating and then tested for partner preferences. All behavior was videotaped and analyzed as in experiment 1a.
As expected, the control group displayed significant partner-preference formation ( p Ͻ 0.05), and haloperidol treatment completely blocked mating-induced partner preferences ( p ϭ 1) (Fig. 4 A) . This effect was not caused by disruption of mating during the first 6 hr of the cohabitation period. Rather, haloperidoltreated subjects showed a trend for more mating bouts compared with control animals (control, 5.4 Ϯ 1; 4 ng of Halo, 8.1 Ϯ 1.4; p ϭ 0.1). Haloperidoltreated animals did not differ from controls in locomotor activity during the first 6 hr of the cohabitation period (as measured by the number of times the subject crossed the center of the cage) or during the partnerpreference test.
Experiment 4b: does site-specific administration of the dopamine agonist apomorphine into nucleus accumbens induce partner preferences in the absence of mating?
Sexually naive males were cannulated, as described in experiment 4a, and divided into one of four groups that received microinjections of either CSF alone (200 nl per side; n ϭ 7), CSF containing 0.04 ng (n ϭ 8) or 4 ng (n ϭ 7) of apomorphine, or CSF containing 0.04 ng of apomorphine with 0.4 ng of haloperidol (n ϭ 8). To assess site specificity, a final group of subjects (n ϭ 6) was implanted with guide cannulas aimed at the CP (2 mm dorsal to NAcc) and received injections of CSF containing 0.04 ng of apomorphine. All subjects were paired with OVX females that were not treated with estradiol for 6 hr of cohabitation in the absence of mating and then immediately tested for partner preferences. Behavior was videotaped and analyzed as in experiment 1b.
Control subjects that received CSF injections into the NAcc before 6 hr of cohabitation showed nonselective side-by-side contact during the partner-preference test ( p ϭ 0.7) (Fig. 4 B) . However, similar to intraperitoneal administration, subjects that received administration of apomorphine at a low dose (0.04 ng) but not a high dose (4 ng) showed partner preferences ( p Ͻ 0.01) (Fig. 4 B) . This apomorphine-induced partner preference was blocked by coadministration of 0.4 ng of haloperidol ( p ϭ 0.74).
In addition, apomorphine failed to induce partner preferences when injected into the CP ( p ϭ 0.93), suggesting that DA acts in a site-specific manner to influence partner preferences (Fig. 4 B) . Drug treatment did not affect locomotor activity during the partner-preference test; however, subjects receiving NAcc apomorphine showed decreased locomotor activity during the 6 hr of cohabitation (as measured by the number of times the subject crossed the center of the cage) (control, 297.8 Ϯ 79.5; 0.04 ng of Apo, 135.1 Ϯ 14.7, 4 ng of Apo, 151.7 Ϯ 24.2; p ϭ 0.04). Importantly, there were no differences in locomotor activity between the two apomorphine groups. Injection sites for apomorphine in the NAcc and CP are illustrated in Figure 5 . All NAcc injections were located in the more rostral portions of the NAcc, where TH/DAT is most abundant.
Discussion
This study shows, for the first time, that DA is critically involved in social attachment in male prairie voles. Administration of the DA antagonist haloperidol blocked mating-induced partner preferences, whereas the DA agonist apomorphine induced this behavior in the absence of mating. This is also the first study to describe DA neuroanatomy, tissue content, and turnover in the vole NAcc. Although not statistically significant, mating appears to increase DA turnover in the NAcc by 33%, suggesting that DA may be released during mating. The involvement of the NAcc in pair bonding was demonstrated by site-specific administration of haloperidol or apomorphine into the NAcc. Haloperidol blocked partner preferences induced either by mating or by apomorphine. Similar to intraperitoneal administration, apomorphine in the NAcc induced partner-preference formation in the absence of mating at low but not high doses. Together, these data suggest that mating induces DA release in NAcc, and that released DA is necessary for pair-bond formation of male prairie voles.
DA is involved in partner-preference formation DA receptor antagonism by peripheral haloperidol administration blocked mating-induced partner preferences. Importantly, haloperidol did not disrupt mating or locomotor activity, and therefore, its effect on partner-preference formation was not secondary to effects on mating or locomotion. These data suggest that haloperidol affected a social consequence of mating and demonstrate that access to DA receptors is necessary for partnerpreference formation in male prairie voles.
Peripheral administration of apomorphine at a low dose induced partner-preference formation in the absence of mating, providing additional evidence that DA is involved in pair-bond formation in male prairie voles. However, in a previous study, administration of apomorphine at a high dose (e.g., 50 g) induced partner preferences in females (Wang et al., 1999) . Interestingly, males in this study that were given the same dose of apomorphine appeared to spend more time with the stranger. This avoidance of the partner is comparable with male rats that show conditioned taste aversion when given a similar dose of apomorphine (Wang et al., 1997) . Although there appear to be differences in sensitivity to DA between males and females, more dramatic sex differences have been reported for vasopressin, oxytocin, and corticosterone. It has been reported that vasopressin and increases in corticosterone are more important for male pair bonding (Winslow et al., 1993; DeVries et al., 1996) , whereas oxytocin and decreases in corticosterone are more important for female pair bonding (DeVries et al., 1995; Insel and Hulihan, 1995) . Although a recent study indicated that sex differences in the effects of vasopressin and oxytocin on pair bonding are less dramatic, male voles showed a greater sensitivity to neuropeptide manipulation (Cho et al., 1999) .
Neuroanatomical and neurochemical description of vole NAcc
The NAcc and VP have been implicated in social attachment (Gingrich et al., 2000; Pitkow et al., 2001; Young et al., 2001; Lim and Young, 2002; Liu and Wang, 2002) . In this study, we performed TH and DAT immunocytochemistry to examine DA innervation in these and associated brain areas. Despite differences in social organization and behavior, prairie voles showed similar patterns of DA innervation compared with traditional lab rodents (Hokfelt et al., 1984; Voorn et al., 1986; Ciliax et al., 1995; Freed et al., 1995; Nirenberg et al., 1997; Jansson et al., 1999; Nobrega et al., 1999) . These data suggest that the pattern of DA innervation in the NAcc does not correlate with social behavior. However, it is possible that monogamous and nonmonogamous voles have postsynaptic differences in DA neuroanatomy. This is certainly the case for oxytocin and vasopressin receptors (Insel and Shapiro, 1992; Insel et al., 1994) . Therefore, additional experiments examining the distribution pattern of D1-and D2-type receptors in voles are necessary. However, it is also possible that prairie voles have similar DA systems compared with nonmonogamous rodents but differ in other neurotransmitter systems that interact with DA in the regulation of pair bonding. For example, access to both oxytocin and DA receptors in the NAcc is required for partner-preference formation in female prairie voles (Liu and Wang, 2002) , and the NAcc of prairie but not nonmonogamous voles contains oxytocin receptors (Insel and Shapiro, 1992) . Therefore, species differences in oxytocin or other neurotransmitter systems (i.e., vasopressin) (Lim and Young, 2002) that may interact with DA could play a critical role in the NAcc DA effects on pair bonding.
The DOPAC/DA ratio is commonly used as an index of DA turnover (Blackburn et al., 1989) . Mated male voles showed greater mean levels of DA turnover primarily in the NAcc and to a lesser extent in the CP. Although neither difference reached statistical significance, these patterns of increase are consistent with data suggesting that mating induces DA release in the NAcc and CP in rats (Pfaus et al., 1990; Mas et al., 1995) and in female prairie voles (Gingrich et al., 2000; Curtis et al., 2003) . Failure to detect significant group differences may have been attributable to the fact that the tissueextraction assay was not sensitive enough to detect more subtle changes, such as extracellular release. In addition, the optimal killing time after mating onset may not have been chosen. NAcc is important for DA regulation of partner-preference formation As with peripheral administration, haloperidol administered into the NAcc blocked mating-induced partner preferences without disrupting mating. In fact, subjects that received haloperidol directly into the NAcc showed a trend for increased mating behavior. This increase in mating is analogous to increases in free food consumption after haloperidol injection into the NAcc of rats (Salamone et al., 1991) . This suggests that haloperidol may have altered the hedonic value of mating (but see Berridge and Robinson, 1998) . Haloperidol in the NAcc also blocked agonistinduced partner preferences, and because adverse effects on mating or locomotor activity were not observed, this suggests that DA receptor blockade within the NAcc directly prevented partnerpreference formation.
Similar to peripheral administration, apomorphine injected directly into the NAcc induced partner preferences in the absence of mating at a low but not a high dose. A possible explanation for the apomorphine dose-response follows from the fact that apomorphine is a general DA agonist and has approximately three orders of magnitude greater binding affinity for D2-type compared with D1-type receptors (Missale et al., 1998) . Therefore, apomorphine at low doses may primarily act on D2-type receptors to induce partner-preference formation. This is consistent with data from female prairie voles that use a D2-type receptormediated mechanism for partner-preference formation (Wang et al., 1999; Gingrich et al., 2000) . Conversely, apomorphine at high doses may activate both D1-and D2-type receptors, and activation of D1-type receptors may prevent partner-preference formation. If true, D1-type receptors are not simply uninvolved, but when activated, antagonize the effects of D2-type receptors. This notion is supported by the fact that D1-and D2-type receptors have opposite intracellular-signaling effects (Missale et al., 1998) , opposing control of cocaine-seeking behavior (Self et al., 1996) , differential regulation over opioid-induced place conditioning (Shippenberg et al., 1993) , and opposite influence over certain aspects of copulation (Hull et al., 1992) .
Administration of low-dose apomorphine has also been reported to reduce locomotor activity (Van Ree and Wolterink, 1981) , and this hypomotility is mediated in the NAcc (Radhakishun and Van Ree, 1987) . This is supported by our data that show decreased locomotor activity induced by apomorphine injections into the NAcc. However, locomotor activity between the two apomorphine groups was nearly identical, suggesting that their differences in partner preferences cannot be attributed to locomotor activity. Therefore, apomorphine in the NAcc had similar behavioral consequences compared with rats, with re- spect to locomotor activity, but also had important social consequences for prairie voles.
Finally, these behavioral effects of apomorphine appear to be site-specific, because partner-preference formation occurred after injections into the NAcc but not the CP. These data, together with the data from female prairie voles (Gingrich et al., 2000) , suggest that NAcc DA regulates partner-preference formation in prairie voles. The site specificity within the NAcc with respect to partner preferences is worth additional attention. There is a tremendous amount of literature showing significant differences between the two main components of the NAcc, the core and shell (Zahm, 2000) . In this study, all apomorphine injections were administered into the NAcc shell. A potential core/shell distinction in the regulation of social attachment is currently being investigated in ongoing experiments.
Conclusion
This study provides ample evidence that NAcc DA is involved in social attachment. NAcc DA has been implicated in many, although perhaps not all, aspects of reward learning (Berridge and Robinson, 1998) and is believed to be a major component involved in drug addiction (Self et al., 1998) . It has been suggested that the neural pathways implicated in drug addiction evolved to mediate reinforcement produced by natural rewards and are involved in adaptive behavior (Di Chiara, 1995; Wise, 1996; Nesse and Berridge, 1997; Zahm, 2000; Kelley and Berridge, 2002) . This study provides support for such hypotheses in that NAcc DA is necessary for the social behavior of the monogamous prairie vole. Prairie voles provide a model to examine the neural mechanisms of pair bonding, a social reward relevant to the strong social bonds formed by humans. DA systems are involved in human social behavior, and DAergic drugs are often used to treat disorders associated with social attachment such as autism and social phobia (Mikkelsen et al., 1981; Schneier et al., 2000; Volkmar, 2001) . Additional examination of the neurobiology of social attachment may not only lead to a better understanding of these disorders, but also addictive disorders that likely involve similar neural pathways.
